Industrial applications of xylanases have made this enzyme an important subject of applied research work. Function of this particular enzyme is to degrade or hydrolyze the plentiful polysaccharide xylan, an important component of hemicellulose. It mainly cleaves the backbone of xylan that is made up of a number of xylose residues connected with β-1,4-glycosidic linkages. Fungi with mycelia are regarded as the best producer of xylanases. These varied xylanases not only differ in their sizes and shapes but also differ in their physicochemical properties. Depending on the optimum pH in which they work best, they have been classified into (1) acidophilic xylanases active at low pH or acidic pH range, (2) alkaliphilic xylanases that are active at high or alkaline pH range and (3) neutral xylanases having pH optima in the neutral range between pH 5 and 7. Other researchers have classified the xylanases also on the basis of their structural properties, kinetic parameters, etc. This review discusses the molecular structures of some acidophilic xylanases and the molecular basis of low pH optima observed for their activities. It also discusses their unique catalytic mechanism and actual role of the catalytic residues found in them. Apart from these, the review also discusses different applications of these acidophilic xylanases in different industries. The article concludes with brief suggestions about how these acidophilic xylanases can be created employing the techniques of genetic engineering and concepts of synthetic evolution, using the traits of the known acidophilic xylanases discussed in the review.
Introduction
Xylanases are the active biological molecules that chew up the heteropolysaccharide, xylan. Xylan is one of the important constituents of the lignocellulose biomass. It is the second most abundant natural polysaccharide (Collins et al. 2005) . In the last few decades, the xylanolytic products obtained from the enzymatic breakdown of xylan have gained a lot of industrial attentions such as in paper making, biobleaching, animal feed production and in biofuel production. As a result, a lot of research attentions are aimed at recombinant xylanolytic enzymes production. Microorganisms are the key producer of xylanolytic enzymes (Wong et al. 1988; Kuhad and Singh 1993; Kuhad et al. 1997; Beg et al. 2001) . Evolutionary pressure for survival has resulted in many microorganisms developing cellular mechanisms to derive energy from the plant biomass by secreting various carbohydrate-degrading enzymes. Such enzymatic degradation of biomass by these microorganisms is performed by complex mixtures of several enzymes such as cellulases (Bayer et al. 1998) , hemicellulases (Ljungdahl 2008) and ligninases (Sanchez 2008) . The hemicellulases include various types of xylanases that degrade xylan from the biomass, to liberate pentose sugar xylose. Since xylan constitutes approximately 30% of the biomass, it forms a vast source of cheap xylose which can be fermented to ethanol. Presently bio-ethanol is a hot area of renewable biofuel research (Weng et al. 2008 ).
As mentioned above, various bacteria and fungi are known to produce different kinds of xylanases. Fungi, in particular, are potent sources of biomass-degrading enzymes and serve as an important resource for the production of heterologous recombinant proteins. These eukaryotic cells have a short generation time, small haploid genomes and protein production is "Generally Regarded As Safe 1 3 78 Page 2 of 13 (GRAS)" (Moore 2009 ). Also, xylanase yield from fungal culture is much higher than yeast or bacteria (Motta et al. 2013 ). So they have gained much more industrial research interest. Generally, fungi require moist and damp medium with slightly acidic pH for their growth. Thus, they mainly grow on decaying wood, plant deteriorate and also in the rumen of ruminants. They derive their energy by degrading complex polysaccharides present in the medium with the help of polysaccharide splitting enzymes such as xylanases. As xylan is very complex and heterogeneous in nature, a variety of xylanases are found in nature having different substrate specificity and mode of actions. Amongst them, the class endo-1,4-β-xylanase is regarded as the most important one. Furthermore, the members of this family can be subdivided into different groups based on different properties.
On the basis of physicochemical properties such as pH, the endo-1,4-β-xylanase can be categorized into three types (Fushinobu et al. 2011) ; the first category is for acidophilic xylanases, i.e. they are stable and active in very low pH range. The second category reserves the xylanases that are stable and active near the neutral pH range and known as neutrophilic xylanases and the third category consists of the alkaliphilic xylanases which have pH optimum at alkaline range. In most of the cases, the acidophilic xylanases are found to be produced by fungi (Enshasy et al. 2016) . These acid-stable xylanases have many industrial values Pokhrel et al. 2013; Chen et al. 2016) . It has been found that the acidic media accelerates the breakdown of xylan present in lignocellulosic biomass. So from that point of view, acidophilic xylanases are very important as the acidic reaction conditions not only help the enzymes to work efficiently but also make the substrate more sensitive towards the treatment. Literature suggests that the acidophilic xylanases are also desirable in biobleaching , baking, and fruit juice clarification or xylooligosaccharides production (Sharma et al. 2016) . Because of the so many benefits of acidophilic xylanases, research is being carried out to shift the pH optima of neutral/alkaliphilic xylanases towards acidic side (Pokhrel et al. 2013) . This review presents a concise idea about the industrial usefulness of acidophilic xylanases ( Table 1 ) that are available in Protein Data Bank in addition to their structure-function relationship.
Structure and distribution of Xylan
In 1891, Schulze coined the term 'Hemicellulose' (Schulze 1891) . It is the fraction of plant material that can be extracted with the treatment of dilute alkali. It is composed of xylan which is the major constituent, then galactan, mannan and arabinan (Whistler and Richards 1970; Viikari et al. 1994; Uffen 1997; Ebringerova and Heinze 2000) . Xylan is the polymer of the pentose sugar, xylose. The free hydroxyl groups of xylose residues present in the backbone are often found to be substituted with diversified chemical groups resulting in the formation of heterogeneous xylan (Singh et al. 2003) . Depending on the substituent, xylan can be categorized into five basic types, namely homoxylan, arabinoxylan, glucuronoxylan, glucuronoarabinoxylan and galactoglucuronoarabinoxylan (Voragen et al. 1992) . Homoxylan (Fig. 1a) is composed of solitary xylopyranosyl residues linked with β-1,4 and β-1,3-glycosidic linkages forming the skeleton of the polysaccharide. The homoxylan is found in nature rarely. They have been found to be present in esparto grass, tobacco stalks and guar seed husks (Sunna and Antranikian 1997) . In addition to that, arabinose residues are very often found to be present within the xylose residues making it arabinoxylan (Fig. 1b) . This can be observed in the cell wall structure of rice, barley, oat, rye, etc.; in glucuronoxylan (Fig. 1c) , the free hydroxyl group of C-2 is replaced with glucuronic acid. They are found in the secondary cell wall structure of plants neighboring cellulose and lignin thereby contributing to the integrity of the cells; in glucuronoarabinoxylan (Fig. 1d) , the substituent is glucuronic acid and arabinose. They are mainly present in soft wood and can be readily hydrolyzed by acid; galactoglucuronoarabinoxylan contains galactose moieties, glucuronic acid moieties as well as arabinose. Apart from these mentioned substituent acetyl group, feruloyl group and p-coumaroyl group can also be seen in the structure of xylan. All these substituents are the branches of the heteropolysaccharide that correspond to the solubility and reactivity of the particular variety of xylan.
Enzymatic hydrolysis of xylan
The presence of diverse substituents (arabinose, glucuronic acid, galactose, acetyl group, feruloyl group and p-coumaroyl group, etc.) that are found to be linked with the free hydroxyl groups of xylose residues is accountable for the heterogeneity and complexity of xylan. So simplification of the particular biomass requires simultaneous action of several hydrolytic enzymes with different modes of action. Thus, microorganisms capable of degrading xylan possess a xylanolytic system sometimes called xylanosome that constitutes different enzymes including endo-1,4-β-xylanases (E.C.3.2.1.8), β-xylosidase (E.C.3.2.1.37), α-arabinofuranosidase (E.C.3.2.1.55), acetylxylan esterase (E.C.3.1.1.72), glucuronidase (E.C.3.2.1.139), p-coumaric acid esterase, ferulic acid esterase, etc. (Polizeli et al. 2005; Juturu and Wu 2011; Motta et al. 2013) . Among these, the most important one is the endo-1,4-β-xylanases also known as endoxylanases (E.C. 3.2.1.8) as it cleaves the primary chain, i.e. the β-1,4-glycosidic linkage of the structure resulting in the production of lower molecular weight fragments of xylan as well as xylooligosaccharides. Studies revealed that xylanases may occur in multiple isoforms. It has been observed that existence of these isoforms are the resultant of various pre or posttranslational modifications such as differential mRNA processing, partial proteolysis or differences in the degree of amidation and glycosylation (Biely 1985) . β-xylosidase is the enzyme that acts upon the product of endoxylanases thereby producing the monomer, xylose. Beside these two enzymes, there are accessory enzymes such as α-arabinofuranosidase, acetylxylan esterase and glucuronidase that cleave the substituents according to their specificity (Coughlan and Hazlewood 1993) . A schematic diagram (Fig. 2 ) of xylan hydrolysis is given below.
Types of Endo-1, 4-β-xylanase
Xylanases have been subdivided in many ways. In 1988, Wong et al. classified xylanases based on their molecular weight and pI (Wong et al. 1988) . One class contained xylanases with molecular weight < 30 kDa and pI of alkaline range and another class contained the xylanases with molecular weight > 30 kDa and low pI. But near about 1/3 of xylanases especially fungal xylanases did not fit into these two categories. Later, many classification systems have come up based on different properties of the enzyme such as pH, kinetic parameter and substrate specificity, and (1995) 1 3 78 Page 4 of 13 crystal structure (Fushinobu et al. 2011; Motta et al. 2013) . Literature reveals three categories of xylanases based on the optimum pH of the xylanases (Fushinobu et al. 2011 ) which are mainly determined by the presence of Asp residue or Asn residue. Acidophilic xylanases have got an Asp residue around the acid/base catalyst Glu, whereas neutrophilic and alkaliphilic xylanases carry an Asn residue instead of Asp.
But there are some exceptions. For example, neutrophilic XynC of Fibrobacter succinogenes (Zhu et al. 1994 ) and Xyl-11 from A. versicolor (Carmona et al. 1998 ) having a pH optima of 6.0 carries an Asp at the position. Xylanases differing in their optimum pH have got specific industrial importance in various fields which are already discussed in the review and because of the usefulness of the acidophilic enzymes; several attempts are being made to shift the pH optima of the xylanases in the acidic range (Pokhrel et al. 2013) . Afterward, another classification system was introduced that in general classifies glycosidases (E.C.3.2.1-) into different category based on their primary structure comparisons of the catalytic domain (which forms a database named CAZy) (Henrissat et al. 1989; Henrissat and Coutinho 2001; Collins et al. 2005) . Initially, cellulases and xylanases were classified into six families and the numbers of the families are growing as new xylanases are being identified. As of now there are 146 different glycosyl hydrolase (GH) families enlisted in the CAZy database. According to CAZy database, xylanases fit into 14 different GH families (GH family 5, 7, 8, 9, 10, 11, 12, 16, 26, 30, 43, 44, 51 and 62) . But sequence analyses have shown that only 6 out of 14 families (5, 7, 8, 10, 11 and 43) contain truly distinct catalytic domain for xylanase activity. It has been recently found that the GH5 family members are specialized for arabinoxylan digestion (Biely et al. 2016) and are α-1,3-linked arabinofuranoside appendage-dependent (Correia et al. 2011) . Paes et al. (2012) have discussed the structure/function relationships of GH11 xylanases in some detail in a review earlier. Family 16, 51 and 62 contain xylanases that are bi-functional in nature and the rest of the families contain members (9, 12, 26, 30 and 44) that have got residual or secondary xylanase activity (Collins et al. 2005) . For example, the GH30 xylanases are found to be appendage-dependent meaning that they require free 4-O-methyl-d-glucuronosyl residues for their activities (Paes et al. 2012) .
The true endo-1,4-β-xylanases have finally been subdivided into two glycosyl hydrolase (GH) family that are GH 10 and GH 11 on the basis of the amino acid sequence and the hydrophobic cluster analysis of the catalytic domain (Henrissat and Bairoch 1993; Davies and Henrissat 1995; Jeffries 1996; Sapag et al. 2002; Verma and Satyanarayana 2012) . Most of the members of these two families have been studied extensively. Comprehensive studies on the members of these two families disclose that they not only differ in their shape and size but also differ in their action upon substrates (4-O-methyl-d-glucurono-d-xylan and rhodymenan). Members of the family GH 10 yield aldotetrauronic acid and isomeric xylotriose whereas members of GH 11 family produce aldopentauronic acid and isomeric xylotetraose from 4-O-methyl-d-glucurono-d-xylan and rhodymenan upon action, respectively (Biely et al. 1997) .It has been found that these two families share dissimilarities in substrate-binding sites too. Family GH 10 has got smaller substrate-binding site than members of GH 11 family (Biely et al. 1997) . It has been observed that endoxylanases of fungal origin have a broad range of temperature optima (40-80 °C) as well as pH optima (2.0-6.0) like some of them have optimum pH at 2.0 (in case of Xyn C of Aspergillus kawachii), whereas others have their pH optima at pH 3.5-6.0 (XynI and XynII of Trichoderma reesei). In this review, we have focused on the details of the members of GH 11 xylanases only that are acidophilic in nature and belong to fungal origin.
Molecular structure of acid-stable xylanases
The endoxylanases that are active in low pH have got a shape that resembles the shape of a right hand (Törrönen et al. 1994) (Fig. 3) and possess much more acidic residues (Asp and Glu) than basic (Arg, Lys, His) to give the overall structure a net negative charge. They are mainly comprised of a single domain containing β-sheets and assume β-jelly roll fold architecture and contain a number of subsites for substrate binding. This is a characteristic feature for GH family 1 3 78 Page 6 of 13 G/11 xylanases. Molecular structures of some acidophilic xylanases (that are available in Protein Data Bank) (Berman et al. 2000) are discussed below.
XYNI of T. reesei
XYNI is composed of 178 amino acid residues. The catalytic residues for the enzymes are Glu 75 and Glu 164. The former one acts as "nucleophile" and the later one acts as "acid-base catalyst". The enzyme is composed of two β-sheets and one α-helix. The two β-sheets antiparallely form the "Fingers" of the right hand structure. One pair of β-strands and the α-helix are found to be engaged to form the "Palm". A long loop connecting the β-strands B7 and B8 shapes the "thumb" region. A five amino acid residues long loop that connects the β-strands B6a and B9 looks like a "Cord" that reaches the cleft. It has got three subsites in the active site of the molecule that were marked as − 2, − 1 and + 1. Among the subsites, two are present in the nonreducing end, and one is in the reducing site suggesting the direction of ligand binding which is directed towards the non-reducing end of the molecule. It has been found that the surroundings of the catalytic glutamic acid residue Glu 75 are highly conserved among family 11 xylanases and these are Tyr 66, Trp 68, Tyr 77, Gln 132, and Tyr 158. According to Wakarchuk et al., the Tyr 66 and Tyr 158 are involved in ligand binding (Wakarchuk et al. 1994) . It has been predicted that all these conserved residues may act to fine-tune the catalytic property of active glutamic acid residues (Tör-rönen and Rouvinen 1995). On the contrary, the surroundings of the other catalytic glutamic acid residue Glu 164 is found to be much less conserved. An aspartic acid residue at position 33 plays a critical role that confers the enzyme to possess low pH optima. Torronen and Rouvinen have found that the Oδ1 of Asp 33 and Oε1 of Glu 164 are very close to each other (2.9 Å) and they proposed the existence of a proton in between the two acidic amino acid residues that probably decreases the pKa of Glu 164 (Törrönen and Rouvinen 1995) .
Xylanase I of Aspergillus niger
The Xylanase I of A. niger is 184 amino acid long. Krengel and Dijkstra (1996) performed the X-ray crystallography with the enzyme to have a look on its molecular structure. They too have the similar observations for the catalytic residues. Here, Glu 79 and Glu 170 have been observed to be the catalytic residues where Glu 79 is the nucleophile and Glu 170 is the acid-base catalyst. According to them, two β-sheets comprised of 13 β-strands are twisted antiparallely, thereby forming a deep cleft that contains the substrate-binding sites. The cleft is lined with many aromatic amino acid residues mostly Tyr. Among these, Tyr 70 and Tyr 81 play important role which is to place the two catalytic glutamic acid residues (Glu 79 and Glu 170) perfectly in position by creating hydrogen bonds. It contains only one α-helix that is found to be embedded on the rear side of the cleft and electrostatically interacts with highly conserved amino acids.
Xyn C of A. kawachii
The Xyn C of A. kawachii is found to be the most interesting acidophilic xylanases because it has got a pH optima of 2.0 and can remain active at pH 1.0. Fushinobu et al. (1998) determined the crystal structure of the enzyme. Like the two other acidophilic xylanases mentioned here, it is made up of two antiparallel β-sheets and one α-helix that confers the structure resembling a right hand. They found a high degree of structural similarity with the XYNI of T. reesei. A few dissimilarities were there which includes three regions that correspond to the "tip" and base of the little finger and the "tip" of the ring finger. These three regions comprised of two short 3 10 helices in the segment Asn 11-Gly 15, Asp 20-Gly 24 and a short turn in Glu 31-Gly 33, respectively. The fourth region (Ala 153 to Asp 161) is adjacent to the helix and the fifth one lies in the "Cord" region (Gly 87-Ala 95) with a disulfide linkage between Cys 92 and Cys 111 on the β-strand B8. The crystal structure of Xylanase I from A. niger was published during the structural study of Xyn C from A. kawachii and they have found that these two enzymes only differs in three amino acid residues. The positions are 64, 154 and 167. In the "Cord" region, there is a conserved proline residue which is thought to be a determinant of the "Cord" conformation. The active site of this enzyme is made up of aromatic amino acid residues stretching the inner part of the cleft. Among them, Tyr 10, Phe 131 and Trp 172 are important. These three amino acids were found to be conserved in acidophilic xylanases, whereas in alkaliphilic xylanases, these amino acids are Trp, Trp and Tyr, respectively. The convex flat face of β-sheet A contains a large number of negatively charged residues that are Asp 16, Asp 20, Glu 21, Glu 31, Asp 32 and Glu 57. In other xylanases of family G/11, this region is occupied by Ser and Thr residues (Fushinobu et al. 1998; Törrönen et al. 1994) which is called Ser/Thr surface in family G/11 xylanases.
XYL1 of Scytalidium acidophilum
The XYL1 of S. acidophilum has been first reported by Al Balaa et al. (2006) . This enzyme is composed of 181 amino acids and showed its optimum activity at pH 3.2. Its low pH optimum led the scientists to have a look on its crystal structure to establish its basis for acidic pH optima and they have found a quite similar structure to those of other acidophilic xylanases. They have also got 13 β-strands packed in two antiparallel β-sheets and assuming a shape of right hand. One α-helix is present at the rear side of the molecule. At the active site (Cord region), a buffer CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) moiety was found to be present. The sulfate group of the CAPS molecule interacts with Arg 138 and a water molecule present in the structure. A disulfide linkage (Cys 115 and Cys 134) is also found in the central cord region just like the other members acidophilic xylanase class (Michaux et al. 2010) .
Catalytic mechanisms of acid-stable xylanases
Acidophilic xylanases along with some alkaliphilic xylanases have been shown to cleave the β-1,4-glycosidic bonds of xylan with the retention of anomeric configuration of the sugar moiety (Coutinho and Henrissat 1999) via two successive nucleophilic displacement (S N 2) mechanisms (McCarter and Withers 1994; Rye and Withers 2000; Zechel and Withers 2000) . This particular reaction mechanism is analogous to those catalyzed by α-amylase and lysozyme (VršanskáIlona et al. 1982) . The mechanism of the reaction is found to be little tricky but can be understood from the Fig. 4 . Upon substrate binding, the reaction starts with the active participation of the nucleophile which is generally a glutamic acid residue present in the B6 β-strand. It attacks the C-1 of the xylan molecule to displace the first xylose residue from the reducing end and forms a bond to stabilize the intermediate. Then the acid-base catalyst, another glutamic acid residue, comes to play its role. It acts as an acid at that moment and protonates the departing xylose residue. In the next step, a water molecule comes and attacks the C-1 to displace the nucleophile, thereby releasing the second product. The water molecule also gives a proton to the acid-base catalyst, glutamate that makes the residue ready for its next round of reaction. However, the frequencies of the glycosidic bonds cleavage of xylopentaose, xylotetraose and xylotriose highly depend on the initial concentration of the substrate molecule (Biely et al. 1981; VršanskáIlona et al. 1982) .
Molecular basis for the low pH optima of acid xylanases
The catalytic mechanism of an enzyme is determined by the nature of the amino acid residues that are responsible for catalysis. The local environment is the key player which forces an amino acid to act as an acid or base. Generally, the pKa of the catalytic residues decide the pH profile of enzymes. A number of studies regarding the catalytic mechanism of acid-stable endoxylanase reveal the existence of an aspartic acid or glutamic acid residue playing the pivotal role (Fig. 5) .
XYNI of T. reesei
The XYNI of T. reesei exhibits a pH range of 3.0-6.0 and maximally active at pH 3.5. Its isoelectric point is nearly 5.2. This enzyme undergoes substrate hydrolysis via double-displacement mechanism same as proposed for hen egg-white lysozyme where two carboxyl groups are participating in catalysis. One of them is acting as a nucleophile that stabilizes the reaction intermediate and the other one is the acid-base catalyst. The Glu 75 and Glu 164 act as catalytic residue for the enzyme. Glu 75 is the nucleophile that attacks the C-1of the substrate to release the first product and Glu 164 works as an acid that donates a proton to the departing xylose or xylo-oligosaccharide. In 1995, Torronen and Rouvinen reported the presence of an Asp residue at position 33 that goes close to the Glu, that is, at position 164 due to protein folding and makes a hydrogen bond which is of 2.9 Å long. They proposed that this Asp residue probably lowers the pKa of Glu 164 creating a negatively charged environment, thereby lowering the pH optimum of the enzyme (Tör-rönen and Rouvinen 1995).
Xylanase I of A. niger
This enzyme has a lot of industrial applications as it is most effective in low pH (pH 3.0) and thus it is produced commercially by Gist Brocades Company in Delft, The Netherlands (van den Broeck et al. 1992) . In case of xylanase I of A. niger, Glu79 is predicted to be the nucleophile and Glu 170 is the acid-base catalyst. The Asp 37 residue was proposed to be the basis for its low pH optima. The carboxylic atom of the Asp 37 forms a hydrogen bond of near about 2.8 Å with the acid-base catalyst, Glu170 and it was thought that the bonding distance is responsible for low pH optima. It was observed that the other endoxylanases that carries Asn instead of Asp at the said position exhibit a higher pH optima and the bonding distance with the acid-base catalyst is also larger than that of Asp-containing xylanases. But the exact role of this particular residue is still not clear. Further studies such as site-directed mutagenesis of this residue are needed to establish its specific role (Krengel and Dijkstra 1996) .
Xylanase C of A. kawachii
The xylanase C from A. kawachii exhibits pH optima of 2.0. Glu 79 and Glu 170 were found to be the catalytic residues acting as nucleophile and acid-base catalyst, respectively. It is found that the Asp 37 is highly responsible for the low pH optima as the replacement of Asp with Asn shifts the pH optima to the higher limit. X-ray crystallographic study reveals that the short distance (2.8 Å) between the Asp 37 and Glu 170 influences the pH profile. In case of xylanases with alkaline pH optima, the Asp was found to be replaced with Asn and has a bonding distance of 3.1-3.5 Å with the acid base catalyst. Structural comparison with other xylanase having higher pH optima shows a remarkable feature that the xylanase C has got a number of acidic amino acid residues at the edge of the catalytic cleft and these are Asp16, Asp 20, Glu 21, Glu 31, Asp 32, Glu 57. All these acidic amino acids create a strong negative-charged environment that corresponds for the low pI of the enzyme (Fushinobu et al. 1998 ).
XYL1 of S. acidophilum
The XYL1 possesses two glutamic acid residues (Glu 104 and Glu 192) as its catalytic machinery too. Along with that it contains the Asp (Asp 60) residue near the acid-base catalyst Glu 192 which is the main key factor for maintaining the low pH optima. The hydrogen bonding distance between these two residues was found to be 2.45 Å. This hydrogen bonding distance is the lowest among the observed acidophilic xylanases. An experiment by mutating the Asp 60 to Asn 60 of XYL1 was performed to check its importance in maintaining the acidic pH optima which resulted in a shift of pH optima by 0.9 units (Michaux et al. 2010 ).
Applications of acid-stable xylanases
The application of xylanases for industrial purposes has increased many folds in current years (Wong et al. 1988; Golugiri et al. 2012; Beg et al. 2001) . Xylanases has occupied 20% of the global market for industrially important enzymes along with cellulases and pectinases (Polizeli et al. 2005) replacing the use of hazardous chemicals. As we are looking forward to a better environment, ecofriendly tools are gaining the popularity, thereby making enzyme biotechnology a potent domain of research work. Xylanases are being applied in industries for paper and pulp production, food and feed production, pharmaceuticals production, textile and most importantly in biofuel production. The special characteristic exhibited by the acidophilic xylanases which is to remain active at low pH seems advantageous for many applications discussed below.
Biobleaching in paper-pulp industry
The importance of using xylanase in paper-pulp industries lies in the hydrolysis of the xylan that corresponds to the lignin removal. Elimination of lignin whitens the paper thereby enhancing its quality. In the past years, chlorine, the chemical bleach, was being used to remove lignin but it has got a number of drawbacks that include generation of products hazardous to human health. These by-products are sometimes found to be toxic, mutagenic, persistent and highly resistant to biodegradation indicating a high degree of environment pollution. The application of xylanases in pulp to remove lignin is known as biobleaching. Several reports suggest that the use of acid-tolerant xylanases for pulp-bleaching has increased as it is advantageous in a number of aspects Schell et al. 2003) . A study carried out by Tenkanen et al. (1997) proved that (Goujon et al. 2010; Sievers et al. 2011; McWilliam et al. 2013 ) of acidophilic xylanases from A. niger (van den Broeck et al. 1992) , A. kawachii (Fushinobu et al. 1998) , Cryptococcus sp. S-2 (Iefuji et al. 1996) , T. reesei (T. reesei I; Törrönen and the use of xylanase (XynC) from A. kawachii for bleaching of pulp is highly efficient and due to its low optimum pH, metal ions associated with the pulp can easily be removed. Thus, the application of acidophilic xylanase omits the step that involves the addition of chelating agent such as EDTA thereby decreasing the cost associated with bleaching. Another advantage is associated with the pretreatment of kraft pulp by thermo-chemical techniques. This step lowers the pH of the medium (pH 0.8-1.2) as it involves the use of dilute sulfuric acid (0.5-1.5%) (Schell et al. 2003) . At this point, the use of highly acid-stable xylanases such as XynC of A. kawachii, Xyn A of Penicillium sp. 40, Xylanase CS of Cryptococcus sp whose optimum pH are 2.0 and retain 75% of its activity at pH 1.0 (Fushinobu et al. 1998; Kimura et al. 2000; Iefuji et al. 1996 , respectively) not only minimizes the steps but also lowers the cost associated with biomass residue neutralization (Goldman and Kole 2014) .
Food and feed industry
Acidophilic xylanases are very important for food and feed industries. They are highly desirable in clarifying juices, bread making, xylooligosaccharide production, etc. (Sharma et al. 2016) . For the purpose of bread making in food industries, acidophilic xylanases are applied because the pH of the dough lies in acidic range (Sharma et al. 2016 ). The Xylanase I of A. niger is commercially produced by the company Gist-Brocades in Delft, The Netherlands (van den Broeck et al. 1992 ) to use it widely in the food and feed industry. These acidophilic enzymes are also preferable in animal food as supplement. Their presence in the food induces effective feeding by increasing the flora of lactic acid (lactobacilli and bifido) bacteria and decreasing the number of E. coli present in the intestine. According to Kittelmann and Janssen (2011) , this healthy balance of intestinal micro flora is highly important to keep an animal healthy. Presence of them in animal food also reduces excretion as well as its low pH helps to release important nutrients from the diet in the alimentary tract. Apart from that, it has also been proved that use of acid-stable xylanase in animal food leads to better digestibility because the pH of the intestine tends to be acidic (Chen et al. 2016) . In acidic environment, only enzymes having low pH optima will act better than those having alkaline pH optima. Another advantage of using these acidophilic enzymes in animal food is they exert an improving effect on average daily gain (ADG) of animals (Chen et al. 2016 ).
Biofuel production
The over consumption of fossil fuels in last few decades not only lead to rapid exhaustion of the stock but also exert deleterious impacts on the environment. Such negative effects of using fossil fuel gives rise to thinking of alternatives which should be ecofriendly as well as sustainable in nature. Nowadays, renewable energy in the form of biofuel from lignocellulosic substrate has become one of the important modes of sustainable energy productions. The lignocellulosic biomass is highly abundant as the production of this biomass is estimated to be 10-50 billion dry tons worldwide (Claassen et al. 1999; Galbe and Zacchi 2002) . The production of ethanol from this biomass does not compete with the food source and it is cost effective too. But this biomass is recalcitrant in nature and seeks pretreatment which includes the introduction of an acidic environment that makes the structure more fragile and accelerates the penetration of active molecules that can cleave the bonds within it (Himmel et al. 2007 ) thereby increasing the ethanol yield (Galbe and Zacchi 2007; Tomás-Pejó et al. 2008 ). This pretreatment process involves the addition of dilute sulfuric acid which increases the accessible surface area of the biomass and effectively solubilizes the hemicellulosic part present in the biomass (Alvira et al. 2010) . So the pretreatment process involving sulfuric acid makes the medium acidic and at this point the use of acidophilic xylanases would be beneficial as no pH adjustment step for downstream process is needed.
Conclusion
The molecular basis of the acidophilic xylanases discussed here increases the understanding about their structure-function relationship which is of immense use for those engaged in protein engineering for their commercial uses. The major commercial applications of xylanases lie in biofuel making industry, paper-pulp industry and food-feed industry. For biofuel making industry, it is cost effective to use acidophilic xylanases. In kraft-pulp biobleaching, application of these acidophilic enzymes prior to ozone or chlorine dioxide treatment are found to be beneficial and environment friendly too. Alkaliphilic and neutral xylanases possess elevated ratio of positive to negatively charged amino acid residues but acidophilic xylanases are just opposite of them. The Ser/ Thr surface of neutral and alkaliphilic xylanases are found to be replaced with acidic residues (Asp16, Asp 20, Glu 21, Glu 31, Asp 32, Glu 57) in the acidophilic enzyme of A. kawachii. Construction of acidic xylanases (shifting the optimum pH to the lower end) can be done by performing site-directed mutagenesis in these sites of alkaliphilic or neutral xylanases. The dictator of the acidophilic property of these xylanases is observed to be an Asp residue that forms a short-distance hydrogen bond with the acid-base catalyst. In neutral and alkaliphilic xylanases, this Asp residue has been replaced with an Asn residue that forms a weak hydrogen bond with the acid-base catalyst Glu thereby elevating the pI of these enzymes. This particular Asp residue can be engineered to shift the optimum pH of these enzymes to the acidic side. In A. kawachii, the active cleft of the XynC is found to be surrounded by aromatic amino acids like all other family G xylanases. But the orientations of the aromatic amino acids are different. In A. kawachii, these are Tyr 10, Phe 131 and Trp 172 and in alkaliphilic xylanases these are replaced with Trp, Trp and Tyr, respectively. All the three sites may serve as potent locations for creating mutant enzyme with low pH optimum using recombinant DNA methodologies. Nowadays directed evolution also has become an important strategy for creating superior extremophilic industrial enzymes (Ruller et al. 2014) . This tool, which mimics the process of natural selection, can also be used to screen for desirable acid-stable xylanase enzyme for industrial uses. A number of attempts have already been initiated to produce more thermo-stable acidophilic xylanase, such as in the case of a GH11 enzyme by Yang et al. (2017) using this concept. As very few acidic xylanases are reported to be available in nature till now, the guidance of this article, which is about the structure or the amino acid composition of this specific class of acidophilic enzyme, will assist in the creation of more genetically engineered acid-stable xylanases by researchers.
